A novel biochemical sensor was fabricated on a carbon fiber microelectrode, which consisted of an inner layer of electrodeposited gold nanoparticles, as a nano-array electrode, and an outer layer of electrodeposited calf thymus ds-DNA at +1.5 V vs. SCE. This modified electrode was characterized by X-ray photoelectron spectroscopy, scanning electron microscope, atomic force microscopy, cyclic voltammetry and differential pulse voltammetry (DPV). It was found that this electrochemical sensor exhibits a strong catalytic activity toward the oxidation of dopamine (DA), serotonin (5-HT) and ascorbic acid (AA), as a result of resolving the anodic voltammetric peaks of DA, 5-HT and AA into three welldefined peaks. Simutaneous DPV determination of DA and 5-HT can be achieved in the presence of 2000-fold AA. The modified electrode shows good sensitivity, selectivity and stability.
Introduction
During the past decade, nanometer scaled materials have gained much attention owing to unique properties induced by their small size and high surface-to-volume ratio. 1 These materials present us with a great opportuniry for applications in the areas of electro-optic devices, sensors, catalysis, and molecular electronics. [2] [3] [4] [5] [6] [7] [8] The synthesis of nanoparticulate gold film on various supports has been accomplished by numerous technique, including precipitation, physical vapor depotition (PVD), chemical vapor deposition (CVD), and organic encapsulation. [9] [10] [11] [12] [13] [14] [15] On the other hand, DNA-electrochemical transducers have received particular attention due to the advantages of this nano-scaled electronic conductive double helex bioactive molecule. DNA-electrochemical biosensors have been successfully used in a variety of applications, such as rapid monitoring of pollutant agents or metals in the environment, investigation and evaluation of DNA-drug interaction mechanisms, detection of DNA base damage in clinical diagnosis, direct monitoring of the hybridization process, or detection of specific DNA sequences in human, viral, and bacterial nucleic acids. [16] [17] [18] [19] [20] Nafion film coating has been widely used for surface modification of electrodes for sensitive and selective determination of biological species such as dopamine in the presence of ascorbic acid. 21 This is due to the advantage of cation exchange properties of the polymer. However, the Nafion coating may significantly increase the electrode response time. Although this effect can be accounted for by deconvolution techniques, 22 electrochemical responses at different carbon surfaces treated in the same way may differ. 23 Recently, a series of DNA modified electrodes were developed based on the specific interaction between DNA and catecholamines, [24] [25] [26] [27] [28] [29] [30] which consisted of a DNA film immobilized on the electrode surface as a sensing layer. In comparison with Nafion film coating, the DNA sensing layer also displays some affinity toward cationic species and repeling ability toward anionic species. More importantly, the DNA layer exhibits adsorption, insertion and inter chelating abilities with many bioactive species. In this paper, a combination of nano-thickness DNA immobilized layers on a gold nanoparticles array microelectrode is reported for fabrication of dopamine and serotonin biosensors. This nano-fabrication of electrode surface combines the advantages of DNA, the bio-compatiblity of nano-Au, and the advantages of nano-array micro-electrodes. This electrode exhibited strong catalytic activities toward the oxidation reactions of DA and 5-HT; it resolved the overlapping voltammetric response of DA, 5-HT and AA into three welldefined peaks, and so can be used for selective detection of DA and 5-HT.
Experimental

Reagents and instruments
Calf thymus DNA (ct-DNA) was purchased from SinoAmerican Biotechnology Company. Dopamine (DA) and serotonin (5-HT) were obtained from Sigma. Ascorbic acid (AA) was obtained from Chemical Reagent Company of Shanghai. These chemicals were used as received without further purification. Solutions of DA, 5-HT and AA were freshly prepared in 0.1 M pH 7.1 phosphate buffer solutions (PBS). Carbon fiber (PAN type, 7 µm in diameter) was obtained from the Shanghai Carbon Company LTD. Doubly distilled water and high purity nirogen was used. All other chemicals were of analytical grade.
Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were carried out using a CHI-660A electrochemistry workstation (CHI, Shanghal). All electrochemical experiments were performed at a three-electrode cell with an Ag/AgCl (sat. KCl) reference electrode. Experiments were carried out at 20 ± 1˚C. Nitrogen bubbling was used for solution deaeration and a N2 atmosphere was maintained over the solution during each experiment. AFM images were obtained by using SPA 300HV (Japan) in the air in noncontact mode. The samples were examined in at least three different sited. SEM photographs were acquired using an XL30 scanning electron microscope (Philips, Holand). XPS (X-ray photoelectron spectroscopy) results were obtained on ESCALAB MK2 spectrometer (VG, UK) with an Mg KAlpha X-ray radiation as the source for excitation.
Fabrication of carbon fiber microcylinder electrodes (CFME)
The carbon fibers were pretreated before use. A bundle of carbon fibers of about 4 cm long were refluxed for 8 h in acetone, then ultrasonicated in fresh acetone, ethanol, and water successively, dried in air at room temperature and made ready for use. A piece of the fiber was connected to a small copper wire using silver conductive glue, then the pair was placed inside a glass capillary and sealed by a drop of epoxy, protruding out about 2 mm. After solidification of the epoxy, the carbon fiber micro-column electrode can be used for modification; it will be denoted as CFME.
Preparation of DNA/nano-Au/CFME electrode
A fresh CFME was immersed in 0.2 mg/mL HAuClO4 solution, and was conditioned by cyclic sweeping from -0.8 to 0.8 V at 50 mV s -1 for deposition of Au particles. After twenty consecutive cycles, the electrode was taken out from the solution and rinsed with water; this is denoted as nanoAu/CFME. Then the electrode was immersed in the 0.1 mg/mL DNA solution for accumulation of DNA for 30 min at 1.5 V, as reported previously. 27, 28 This DNA-modified electrode is denoted as DNA/nano-Au/CFME.
Results and Discussion
Surface analysis of the DNA/nano-Au/CFME
The SEM image and AFM topography of these electrodes are shown in Fig. 1 . Figure 1A shows that the nano-Au particles of about 100 -200 nm were closely distributed on the surface of nano-Au/CFME. However, a smoothly covered DNA layer of 50 -200 nm thickness was obtained on the surface of the prepared DNA/nano-Au/CFME, as shown in Fig. 1B .
The surface content of the DNA/nano-Au/CFME was examined by XPS, as shown in Fig. 2 . In the region of Au (4f), N (1s) and P (2p), the material shows the Au, N and P peaks at 84.10, 401.05 and 132.75 eV, respectively. The ratio of N:P is 3.8:1, which is in good agreement with the theoretical value of 3.7:1 for the ct-DNA of (G+C):(A+T) = 39:61, demonstrating further the deposition of ct-DNA on the surface of nano-Au layer. Figure 3 shows the CV curves of DA at the DNA/nanoAu/CFME, nano-Au/CFME and bare CFME. Curve a shows a couple of well-formed CV peaks at Em of about 0.135 V with ipa:ipc of about 2:1 for DA redox reactions at the DNA/nanoAu/CFME. However, almost no redox peaks of DA in the potential range could be observed at the bare CFME (curve b). The significant increase of the redox currents indicated a remarkable increase of the electron transfer reversibility of DA at the modified electrode. For a comparison, the DA oxidation at the nano-Au/CFME is also shown in the figure (curve c, insert). It can be seen that an S-shaped wave with similar oxidation currents was obtained at the nano-Au/CFME, however, at Em (or E1/2) of about 0.22 V, which is 80 mV more positive than at the DNA/nano-Au/CFME. The electrochemical behavior of DA on conventional electrodes has often been studied. 31 The DA oxidation involves a two-electron transfer and a two-proton process forming DA oquinone at E1/2 of about 0.39 V at bare electrode, followed by a cyclization reaction of o-quinone to aminochrome. A rereduction wave can be observed for the reductin of o-quinone, and another cathodic wave may by observed in basic media at more negative potentials corresponding to a two-electron reduction of aminochrome. 32 We propose the same reaction mechanism for the DA oxidation at the DNA/nano-Au/CFME and nano-Au/CFME. However, the significant negative shifts of the Em, showing an unusual reduction of overpotentials of DA oxidation, indicate a strong catalytic activity of the DNA/nano-Au modified films.
Electrochemical oxidation of DA and 5-HT
Similar experiments were carried out for 5-HT, as shown in Fig. 4 . A big anodic peak at about 0.36 V with a small but visible cathodic counter peak at about 0.32 V was formed at the DNA/nano-Au/CFME (curve a). However, only a small drawnout oxidation wave can be seen at E1/2 of about 0.4 V at bare CFME (curve b). By contrast, a sigmoid wave with smaller oxidation current was obtained at the nano-Au/CFME (curve c, insert). Comparison of the CVs at these three electrodes shows that the 5-HT oxidation was also catalyzed by the DNA/nanoAu modified layers. The reduction of overpotentials for DA oxidation was due both to the nano-Au modification and to the DNA modification. However, the reduction of overpotentials for 5-HT oxidation was mainly achieved because of the nanoAu modification. The significant increase of the oxidation currents for DA and 5-HT is attributed mainly to the effect of nano-Au array electrode and possibly to the accumulation effect of the DNA-modified layer. The latter effect can be confirmed from the peak shapes of the CVs at the DNA/nano-Au/CFME. Thus, the cooperation of the DNA and the nano-Au is revealed.
The modifications of nano-Au and DNA change the surface area of the electrode, which can be evaluated from the charging current presented in the CV curve at the potentials where no redox reaction occures.
Assuming that the differential capacitance of the interface at these modified surfaces were the same, one can estimate the ratio of the surface area for these electrodes according to the corresponding charging currents. From Fig. 3 the ratio for DNA/nano-Au/CFME:nano-Au/CFME: CFME can be estimated to be about 15:150:1. In comparison with the voltammetric behaviors of DA and 5-HT oxidation, no straightforward relationship between the surface area and the electron transfer activity could be found. This is similar to cases reported previously. 28, 29 The reasons for the significant improvement of the electron transfer of DA and 5-HT include the biocompativility and the catalytic ability of both the DNAmodified layer 27 and the nano-Au modified layer.
The stability of the DNA/nano-Au/CFME was tested. Even after the electrode was stored at 4˚C in a refrierator, no apparent decrease in the response of DA and 5-HT was observed within 6 days, demonstrating the stabilization effect of the DNA environment for the doped nano-Au on the CFME surface.
Effects of scan rate and solution pH
The scan rate dependence of the CV response of DA oxidation at the DNA/nano-Au/CFME was determined.
A linear relationship between the oxidation peak current and the square root of the scan rate (ν 1/2 ) was obtained as ipa/nA = 1.03 + 7.02ν 1/2 /(mV s -1 ) 1/2 (r = 0.9998) in the range of 20 to 200 mV s -1 , which conforms to a typical diffusion-controlled process. The anodic peak current (ipa) of 5-HT was also linearly proportional to the ν 1/2 as ipa/nA = 9.528 + 1.833ν 1/2 /(mV s Both the oxidation peak current and the peak potential of DA and 5-HT oxidation were closely related to the solution pH. The highest oxidation peak currents of DA and 5-HT were observed in pH 7.0 PBS at the modified CFME. The oxidation peak potential (Epa) of DA and 5-HT shifted with pH as Epa (DA) = 0.575 -0.056 pH (r = 0.992) and Epa (5-HT) = 0.546 -0.033 pH (r = 0.994). The slope of -56 mV per pH unit for DA suggests that two protons take part in the 2 e -oxidation of DA, and the -33 mV value per pH unit for 5-HT reveals that only one proton is involved in the 2 e -oxidtion of 5-HT. . Inset: cyclic voltammograms of 50 µM DA at DNA/nano-Au/CFME (a′) and nano-Au/CFME (c) at 50 mV s -1 . Fig. 4 Cyclic voltammograms of 10 µM 5-HT at DNA/nanoAu/CFME (a) and bare CFME (b) at 50 mV s -1 . Inset: cyclic voltammograms of 60 µM 5-HT at DNA/nano-Au/CFME (a′) and nano-Au/CFME (c) at 50 mV s 
Simultaneous determination of DA and 5-HT concentrations
The voltammetric behavior of DA (or 5-HT) in the presence of a lage excess of 5-HT (or DA) was examined by DPV in pH 7.0 PBS, as shown in Fig. 5 . It was found that 10-fold concentration of 5-HT does not interfere with the oxidation signals of DA. Further increasing the 5-HT concentration will cause the peak current to decline and may even cause the oxidation peak of DA to disappear.
Inversely, 15-fold concentration of DA does not interfere with the oxidation signals of 5-HT. Further increasing the DA concentration will cause the peak current to decline and may even cause the oxidation peak of 5-HT to disappear. These results indicated that a competition effect between DA and 5-HT existed on the DNA/nano-Au/CFME. This is probably due to the competitive interacion of DA and 5-HT with the DNA-modified layer.
Interference
Since the AA oxidation peak can be moved to -0.02 V less than the oxidation wave of DA and 5-HT, the interferences of high-concentration AA could be avoided. Figure 6 features the DPV curves of AA, DA and 5-HT in pH 7.0 PBS. At the DNA/nano-Au/CFME, three separated and well-defined oxidation peaks appeared at -0.02, 0.15, and 0.33 V. The separations between any two peak potential were large enough for simultaneous determination of DA and 5-HT in the presence of a larger amount of AA. The results showed that even on increasing the AA concentration to 2000-fold concentrations of DA and 5-HT, three separated and well-defined oxidation peaks were still visible.
Under the conditions of equal concentrations of DA and 5-HT in the presence of 1.0 mM AA, the anodic DPV peak currents of DA and 5-HT were linear with DA concentration in the range of 2 × 10 -6 to 5 × 10 -4 M with a correlation coefficient (r) of 0.9991 and were linear with 5-HT concentration in the range of 8 × 10 -7 to 2 × 10 -4 M with r of 0.9991. The preliminary study estimated the detection limits as 2 × 10 -7 M DA and 8 × 10 -7 M 5-HT (s/n = 3). Thus, this method can be applied to the quantitative detection of DA and 5-HT.
Interferences were also investigated for the other compounds. The results showed that, as for 10 µM DA and 5-HT, no interference can be observed for these compounds with these tolerance ratios: glucose (100), fructose (100), purine (100), citric acid (100), glutamic acid (150), NaCl (400), NH4NO3 (200).
Conclusions
The DNA/nano-Au coating exhibited remarkable electrocatalytic effects on the oxidation of DA and 5-HT, increasing their oxidation peak currents and lowering their oxidation overpotentials. The DNA/nano-Au coating also catalyzed the oxidation of AA anions, reducing its overpotential to -0.02 V. Thus, the DNA/nano-Au/CFME can successfully distinguish the voltammetric signals of DA, 5-HT and AA, and this will allow simultaneous determination of DA and 5-HT in the presence of 2000-fold AA.
The detection limits reached in this report are still high for DA and 5-HT measurement in real samples. However, the method provided an alternative way for the sensor construction. The experimental technology should be further improved to reduce the electronic noise level before the real applications. In comparison with the Nafion coating modification, the DNAmodified layer is not a conventional cation exchange film. The rich negative charge on its double helix phosphate backbones could also play charge-selective roles for repulsion of negatively charged AA -and would be favorable for DA + and 5-HT + accumulation. The main advantages of our DNA-coated electrodes are the excellent electrocatalyic activity and the high surface accumulation ability toward catecholamines such as DA and 5-HT, which can be achieved at a very thin and thicknesscontrollable surface layer. This is favorable for the surface modification of nano-sized ultra-microelectrodes for advanced determinations. In comparison with the DNA/CFME reported previously, the combination of nano-Au and nano-thickness DNA modification displays a surprisingly high catalytic activity toward DA and 5-HT. This advantage could be introduced by the cooperation of DNA and gold nano-particles. 
